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Abstract
The CERN FCC-ee top-up booster synchrotron will ac-
celerate electrons and positrons from an injection energy
of 20 GeV up to an extraction energy between 45.6 GeV
and 182.5 GeV depending on the operation mode. These
accelerated beams will be used for the initial filling of the
high-luminosity FCC-ee collider and for keeping the beam
current constant over time using continuous top-up injection.
Due to the high-intensities of the circulating beams, collec-
tive effects may represent a limitation in the top-up booster.
In this work we present a first evaluation of the impedance
model and the effects on beam dynamics. Methods to miti-
gate possible instabilities will be also discussed.
INTRODUCTION
The CERN e+e− Future Circular Collider (FCC-ee) is a
high-luminosity and high-precision electron-positron circu-
lar collider envisioned in a 100 km tunnel in the CERN-
Geneva area [1]. The FCC-ee will allow detailed studies of
the heaviest known particles (Z, W, H bosons and the top
quark) offering also great sensitivity to new particle physics.
The FCC-ee target luminosities of 1034 − 1036 cm−2 s−1
will lead to short beam lifetimes, due to beamstrahlung,
radiative Bhabha scattering and Touschek effect [1]. In order
to sustain these short beam lifetimes, a full-energy booster,
installed in the collider tunnel, will provide continuous top-
up injection, in addition to initially filling the FCC-ee.
The booster will be built in the same tunnel used for the
collider and the circumference lengths of the two machines
will be the same, almost 100 km. The booster will accelerate
batches of electrons and positrons from an injection energy
of 20 GeV up to an extraction energy of 45.6 GeV, 80 GeV,
120 GeV, 182.5 GeV respectively for Z, W, H and top quark
productions [1]. This design injection energy, which corre-
sponds to a magnetic field B = 6 mT, could change in the
future, depending on the quality and reproducibility of the
magnetic field in the dipole magnets.
In order to not affect the collider luminosity and to dimin-
ish the background generated by lost particles, the booster is
expected to provide at extraction an equilibrium transverse
emittance similar to the one in the collider. Since the FCC-
ee lattice will be optimized for two optics, one with 60Âř
phase advance for the Z and W experiments, the other with
90Âř phase advance for the H and top quark productions,
the optics in the booster will change depending on the phase
advance in the collider.
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The synchrotron radiation (SR) transverse damping time
at booster injection-energy will be longer than 10 s, leading
to incompatibility with the booster cycle [2]. In addition the
relatively small horizontal normalized equilibrium emittance
of 12 pm rad will cause emittance blow-up along the cycle
due to intra-beam scattering. In order to solve these issues,
16 wigglers should be installed in the booster, leading to a
damping time of 0.1 s and an emittance of 240 pm rad and
180 pm rad for the 60Âř and 90Âř optics respectively.
The relatively high nominal intensity of Nb = 3.4 × 1010
particles per bunch (ppb) could lead to collective effects
able to severely limit the booster operation. In particular,
the resistive wall effect due to the foreseen beam-pipe in
stainless steel and with radius rc = 25mmcould cause strong
instabilities in both longitudinal and transverse planes.
A first evaluation of the importance of collective effects
in the booster at injection energy was reported in Ref. [3],
where it was shown that, in the absence of wigglers, an inten-
sity threshold of 0.1 × 1010 ppb, significantly lower than the
nominal intensity, was defined by the microwave instability
(MI) caused by the resistive wall. In the transverse plane, the
intensity threshold due to transverse mode-coupling instabil-
ity (TMCI) was only 0.6 × 1010 ppb. Moreover, analytical
estimations of the resistive wall transverse coupled-bunch
instability (TCBI) found a rise time of just few revolution
turns which requires new feedback schemes [4].
This work aims at finding possible cures to the impedance-
induced instabilities in the booster, focusing on the beam
dynamics at injection energy and assuming an optics with
60Âř phase advance and no wigglers installed in the ma-
chine.
The next section highlights some significant machine and
beam parameters considered in the present study. Then
careful estimations of the resistive-wall impedance are given,
together with a possible way to lower it. The next step is
to study the MI in the longitudinal plane through macro-
particle simulations, providing a possible cure to increase
the intensity threshold. Choosing a proper combination of
parameters which allows having stable beams at the nominal
intensity, the study then shifts to the transverse plane, where
a semi-analytical Vlasov solver is used to find the TMCI
intensity threshold. Finally, estimations of the TCBI rise-
time are provided using analytical formulae.
MACHINE AND BEAM PARAMETERS
CONSIDERED IN THE STUDY
Table 1 shows some significant machine and beam param-
eters used in the study of collective effects in the booster.
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Table 1: Main machine and beam parameters relevant for
the booster studies. Most of these quantities can be found in
Ref. [1].
Parameter Value
Machine circumference (Cr) 97.756 km
Beam energy at injection (E0) 20GeV
Beam rev. frequency at injection ( f0) 3.06 kHz
Bunch population (Nnomb ) 3.4 × 1010 ppb
Number of bunches per beam (Mb) 16640
SR 1 σ rel. energy spread (σdE0,r) 0.166 × 10−3
SR energy loss per turn (U0) 1.33 MeV
SR damping time (τz) 15013 turns
SR 1 σ bunch length (σz0) 1.26 mm
RF frequency ( frf) 400 MHz
Harmonic number (h) 130432
RF voltage (Vrf) 60 MV
Arc phase advance (ϕa) 60Âř
Momentum compaction factor (αc) 1.48 × 10−5
Synchrotron tune (Qs) 0.0304
Betatron tunes (Qnomx,y ) 269.139
As discussed later, the beam dynamics at injection energy
is the most critical as concerns intensity effects.
The considered ϕa = 60Âř directly determines αc and
influences Qs and σz0. As shown later, the MI intensity
threshold is proportional to αc and σz0 while the TMCI
intensity threshold is proportional to Qs. A phase advance
of 90Âř would lead to lower values for αc, Qs, σz0 and
therefore to more critical scenarios.
The main three SR parameters σz0, U0 and τz can be
directly computed assuming an average dipole-magnet bend-
ing radius ρb = 10.6 km in the absence of wigglers.
The booster main RF system consists of 400 MHz su-
perconducting cavities [1]. In the present work a voltage
Vrf = 60 MV at injection energy is assumed. This value is
significantly higher thanU0 so that the bunch practically sees
the linear part of the RF voltage at each revolution turn. In
addition, the chosen Vrf is expected to be substantially lower
than the total available voltage, so that Vrf can be increased
during acceleration according to the cycle needs.
The number of bunches simultaneously accelerated in
the booster will depend on the collider experiment. Table 1
indicates the largest planned Mb, which relates to the Z-
boson experiment [1].
Concerning the transverse plane, the horizontal and ver-
tical tunes are assumed to be equal to the horizontal tune
foreseen in the FCC-ee for the Z-boson experiment [1].
ESTIMATION OF THE RESISTIVE WALL
IMPEDANCE
The resistive wall impedance is the dominant component
of the booster impedance model and it is the only impedance
contribution considered in this paper.
The baseline for costs minimization is to have a circular
beam-pipe in stainless steel (resistivity ρr = 7 × 10−7Ωm)
with radius rc = 25 mm. However the corresponding resis-
tive wall impedance would lead to a peak induced voltage
even higher than the peak RF voltage for a bunch with the
nominal intensity, see Fig.1.
Figure 1: Longitudinal profile (blue), RF voltage (red) and
resistive wall induced voltage (green) as a function of time
in the FCC-ee booster considering the parameters in Table 1
and a stainless steel beam pipe with radius rc = 25 mm.
In order to significantly reduce this impedance, the pos-
sibility of applying a cooper coating to the beam-pipe was
investigated. Specifically, the CERN IW2D code [5] was
used to evaluate the longitudinal and transverse resistive wall
impedances of a two-layer vacuum chamber, being the ex-
ternal layer in stainless steel and the internal layer in copper
(ρr = 1.7 × 10−8Ωm) with variable thickness δl, see Fig.2.
For single-layer beam-pipes, the dependences of the lon-
gitudinal and transverse-dipolar resistive wall impedances
on the frequency are [6]
|Z ∥( f )| ∝ 1rc
√
ρr f , |Zx,y( f )| ∝ 1
r3c
√
ρr
f
(1)
in a certain asymptotic range of frequencies. These depen-
dencies are highlighted in Fig.2, where all the axes are in
logarithmic scale.
The plots in Fig.2 also show that, for a given δl, both lon-
gitudinal and transverse impedances converge to the single-
layer stainless-steel and copper impedances respectively for
low and high frequencies. In particular, for a certain δl,
the frequencies above which the longitudinal and transverse
impedances converge to the single-layer copper impedance
are essentially the same and will be denoted by fδl below.
In the next Section the MI thresholds will be evaluated for
the different impedances shown in Fig.2 (top). As reported in
Ref. [7], MI can occur when the wavelength of the wakefield
is much shorter than the bunch length, i.e. fcτ ≫ 1, where
fc is the frequency of the impedance which drives MI and
τ is the full bunch length. Therefore it is expected that
the impedance related to a given δl and the impedance of
the single-layer copper beam-pipe will lead to the same MI
intensity threshold if these two impedances coincide for
frequencies larger than 1/τ, i.e. when fδl < 1/τ.
Finally it should be noted that, being the booster a fast-
cycling machine, eddy currents in presence of a copper layer
Figure 2: Longitudinal (top) and transverse dipolar (bottom)
resistive wall impedance as a function of frequency in the
FCC-ee booster assuming a beam-pipe in stainless steel with
radius rc = 25 mm and different values for the thickness
of the internal copper layer. The five vertical dashed lines
mark the frequencies fδl above which the corresponding
impedances converge to the single-layer copper impedance.
The dependences of the single-layer impedances on the fre-
quency are also reported in both plots. All the impedance
curves have been obtained with the IW2D code.
could be an issue during acceleration and their effects should
be separately investigated.
CURES FOR INCREASING THE
MICROWAVE-INSTABILITY INTENSITY
THRESHOLD
Single-bunch macroparticle longitudinal beam dynamics
simulations were performed with the CERNBLonD code [8]
in order to evaluate the MI intensity threshold NMI
b,th taking
into account the parameters of Table 1 and the resistive-wall
impedance shown in Fig.2 (top) with a variable δl.
Simulation tracking lasted 106 revolution turns, which is
more than 6 times the SR longitudinal damping time, in such
a way to reach a SR equilibrium at the end of simulations. It
should be noted that 106 turns corresponds to 32.6 s, which
is comparable to the flat-bottom duration of 51.1 s in the
booster for the Z-boson experiment [1].
The resistive-wall induced voltage was computed in fre-
quency domain, multiplying the bunch spectrum by the
impedance and performing an inverse Fourier transform.
Due to the relatively short bunches and in order to have an
acceptable resolution in the longitudinal profile binning (at
least 50 slices for 4σz), the maximum frequency considered
in computations was 500 GHz. This obliged to use a rela-
tively large number of macroparticles per bunch (more than
107) in order to counteract the numerical noise obtained
when multiplying impedance and spectrum, which are re-
spectively increasing and decreasing functions of frequency
(Fig.3).
Figure 3: Bunch spectrum and resistive wall impedance used
to compute the induced voltage in BLonD simulations. Case
of δl = 1µm, σz = 4 mm at SR equilibrium.
Figure 4 shows the simulation results, specifically the
equilibrium σdE,r and σz (averaged over the last 10000 rev-
olution turns) as a function of Nb and varying δl.
When observed in simulation, MI led to a σdE,r increase
relative to σdE0,r. More specifically, up to a certain intensity
threshold NMIb,th, σdE,r ≈ σdE0,r, while σdE,r becomes an
increasing function of Nb when Nb > NMIb,th. In Fig.4 (top),
in order to assess an unambiguous way to determine NMIb,th,
theMI intensity threshold is chosen so that, when Nb = NMIb,th,
then σdE,r = 1.1σdE0,r.
Figure 4 (top) shows that, even with a beam-pipe entirely
made of copper, the threshold NMIb,th is only 1.5 × 1010 ppb,
significantly lower than the nominal bunch intensity. This
largest value for NMIb,th can be also obtained with good ap-
proximation when δl = 1µm.
Concerning the equilibrium bunch length, Fig.4 (bottom)
shows that σz is an increasing function of Nb and the bunch
lengthening relative to σz0 is higher when the resistive-wall
impedance is larger (smaller δl). This bunch lengthening
occurs even when Nb < NMIb,th and no clear changes in curve
behaviour are visible in correspondence of Nb = NMIb,th.
With a vacuum-chamber entirely in copper, the equi-
librium full bunch-length is τ ≈ 4σz = 36 ps when
Nb = 1.5 × 1010 ppb (Fig.4, bottom). Therefore, follow-
ing the reasoning of the previous Section, a copper coating
should lead to the highest possible MI intensity-threshold
(1.5 × 1010 ppb) when fδl < 1/τ ≈ 30 GHz. This is in
perfect agreement with the fδl values reported in Fig.2 (top),
since fδl is larger than 30 GHz when δl = 0.1µm and lower
than 30 GHz when δl = 1µm.
Since the reduction of the longitudinal resistive-wall
impedance by adding a copper layer to the beam-pipe did
not avoid MI for the nominal bunch intensity, a second cure
for instability has been studied.
Figure 4: Equilibrium rms relative energy spread (top) and
bunch length (bottom) as a function of bunch population
obtained with BLonD simulations. The used parameters are
reported in Table 1 and the resistive wall impedance shown in
Fig.2 (top) has been included in simulations varying δl. Top:
the horizontal lines mark σdE0,r and its increase by 10%.
The vertical lines mark NMI
b,th for the corresponding curves.
Bottom: the horizontal lines mark σz0 and the values of σz
when Nb = 3.4 × 1010 ppb and δl varies. In both images the
yellow and cyan curves are overlapped.
For the Boussard criterion [9], NMIb,th scales as
NMIb,th ∝
αcE0σ2dE0,rσz0
|Z ∥ |/n , (2)
where n = f / f0. As expected, this expression shows that the
MI intensity threshold increases when the longitudinal resis-
tive wall impedance is reduced. Equation (2) clarifies also
the observation done above concerning the major strength of
MI at booster injection-energy with the 90Âř phase-advance
optics (lower αc). Even more importantly, Eq.(2) shows that
NMIb,th depends quadratically on σdE0,r and linearly on σz0.
One way to increase σdE0,r consists in installing wigglers
in the booster with a consequent increase in U0. Indeed, the
two scaling relations [10]
τz =
1
U0(1 + C1U0), σdE0,r ∝
√
U0
1 + C2U0
, (3)
whereC1 andC2 are positive quantities not depending onU0,
show that a larger U0 leads to lower τz and higher σdE0,r.
Therefore the BLonD simulations described above were
repeated varying U0 and considering δl = 1µm, which is a
good compromise between an increase in NMIb,th (Fig.4, top)
and a decrease in production costs and potential eddy-current
issues related to the copper-layer thickness.
Figure 5 (top) shows the new intensity thresholds. As
foreseen by Eqs.(2) and 3, the plot shows that NMIb,th increases
with U0. In particular, U0 should be at least 4 MeV in order
not to have MI for the nominal bunch intensity.
Figure 5: Equilibrium rms relative energy spread (top) and
bunch length (bottom) as a function of bunch population
obtained with BLonD simulations. The used parameters
are reported in Table 1, except for the SR quantities which
vary following Eq.(3). The resistive wall impedance with
δl = 1µm (Fig.2, top) has been included in simulations.
Top: for each curve, the corresponding horizontal lines mark
σdE0,r and its increase by 10%, while the vertical line marks
NMIb,th. Bottom: the horizontal lines mark the values of σz
when Nb = 3.4 × 1010 ppb and U0 varies.
Regarding the bunch lengths, Fig.5 (bottom) shows that
σz0 increases as a function ofU0, helping in increasing NMIb,th
as Eq.(2) suggests. The plot also indicates that the increase
of σz with U0 is less and less significant as Nb approaches
the nominal bunch intensity.
This second additional cure for MI, i.e. installing wigglers
in the booster to increase U0, is in full agreement with the
current machine design-plan. Indeed, as already mentioned
in the Introduction, considerations entirely concerning the
transverse plane would lead to the installation of 16 wigglers
able to providing U0 = 126 MeV [1, 2]. Simulations with
such a value for U0 will require a much larger Vrf, moreover
there will be likely no need to add a copper layer to the beam
pipe due to the larger σdE0,r in Eq.(2). Further studies are
needed to cover this scenario.
TRANSVERSE MODE-COUPLING
INSTABILITY INTENSITY THRESHOLD
The previous Section showed that a bunch with nominal
intensity does not sufferMIwhenU0 = 4MeV and δl = 1µm.
Taking into account these two conditions, beam dynamics
studies in the transverse plane were needed to verify that the
bunch will not be unstable due to TMCI.
The intensity threshold for TMCI scales as [11]
NTMCIb,th ∝
Qx,yQsE0σz
Im(Zx,y) , (4)
where Im(Zx,y) is the imaginary part of the transverse
resistive-wall impedance.
The quantity Im(Zx,y) was decreased adding a copper-
layer to the beam pipe in order to cope with MI. Equation (4)
shows a linear dependence of NTMCIb,th on the equilibrium σz
which, for a certainU0, increases with Nb due to SR and MI
(see bottom plots in Figs.4 and 5). This bunch-lengthening
in the longitudinal plane helps increasing NTMCIb,th . Note also
that, at least for intensities close or above the nominal value,
increasing U0 would not lengthen the bunch (Fig.5, bottom)
and therefore would not help to counteract TMCI.
The CERN DELPHI code [12], which is an analytical
Vlasov solver for impedance-driven modes, was used to
evaluate NTMCIb,th without taking into account the radiation
damping. The values for σz needed in DELPHI have been
taken from the BLonD simulation results described above
(yellow curve in the bottom plot of Fig.5) .
Figure 6 shows the real and imaginary parts of the complex
tune shift of the first coherent oscillation modes obtained
with DELPHI.
Figure 6: Real (left) and imaginary (right) parts of the tune
shift of the first coherent oscillation modes as a function
of the bunch population obtained with DELPHI. In both
plots the green cross associated to a given Nb marks the
unstable mode with largest growth rate. The parameters
needed in simulation are taken from Table 1, except for the
equilibrium σz which depends on Nb according to the yellow
curve in Fig.5 (bottom, U0 = 4 MeV). The value δl = 1µm
is assumed for the dipolar resistive-wall impedance.
No mode coupling occurs up to Nb = 5× 1010 ppb (Fig.6,
left). In addition the rise times of the unstable modes (Fig.6,
right) are larger than 125 s, and these values are long com-
pared to the SR transverse damping-time (3.26 s) and the
flat-bottom durations in the booster, which vary from 1.6 s
to 51.1 s according to the collider experiment [1].
Therefore NTMCIb,th > 5 × 1010 ppb and, in particular, no
TMCI is observed for the nominal bunch intensity. Fig-
ure 7 shows 20 consecutive Head-Tail signals obtained with
the DELPHI code when Nb = Nnomb . Notice that mode -1
largely prevails while mode 0 only creates a relatively small
asymmetry between the amplitudes of the two signal halves.
Figure 7: Twenty consecutive Head-Tail signals as a function
of the longitudinal coordinate (0 ns corresponds to the bunch
centre). These signals were obtained with DELPHI and refer
to the simulations results shown in Fig.6 when Nb = Nnomb .
RESISTIVE-WALL TRANSVERSE
COUPLED-BUNCH INSTABILITY
The longitudinal resistive-wall wakefield decays along a
distance much shorter than the booster-bucket length. On
the contrary, the transverse resistive-wall wakefield is long-
range and can lead to TCBI.
In the following, analytical estimations of the TCBI
growth-rate are provided. As for the previous Section, all
the needed parameters are taken from Table 1 and δl = 1µm
as concerns the resistive-wall impedance.
Assuming Mb equally-spaced bunches in the ring, the
motion of the entire beam can be considered as the sum of
Mb coherent coupled-bunch modes. The transverse growth-
rate αµ for the µ-th coupled-bunch mode, where µ is an
integer between 0 and Mb−1, can be easily computed taking
into account only the most prominent radial mode in the
azimuthal m = 0 and assuming Gaussian bunches. The
expression for αµ is [13]
αµ = −ceMbNb f04πE0Qx,y
∞∑
q=−∞
Re
[
Zx,y
(
fµ,q
) ]
, (5)
where E0 is in eV units and fµ,q = f0(qMb + µ +Qx,y).
Considering the value of Qnomx,y and the shape of the trans-
verse resistive-wall impedance near plus or minus f0, it can
be seen that the most unstable coupled-mode µ¯ satisfies the
condition (qMb + µ¯+Qnomx,y ) ∈ [−1, 0] for a certain q (Fig.8).
This condition is satisfied for µ¯ = 16370 and q = −1. It is
worth noting that for the most stable and unstable coupled-
bunch modes the most significant term in the summation of
Eq.(5) comes when q = −1.
Figure 8: Resistive-wall transverse dipolar impedance (blue)
as a function of frequency assuming δl = 1µm. The two
green lines mark plus or minus f0. The four red lines mark
fµ,q , where q = −1, Qx,y = Qnomx,y and µ varies as shown.
Figure 9 (left) shows αµ as a function of µ and confirms
that µ¯ leads to the largest growth-rate αµ¯ = 2320 1/s.
Figure 9: Left: TCBI growth rate, as a function of the
coupled-bunch mode, obtained with Eq.(5) assuming δl =
1µm. Themost unstable mode is marked by a red line. Right:
TCBI growth rate as a function of Qx,y with
⌊
Qx,y
⌋
=269
and µ = 16370. The valueQnomx,y is marked by a red line. All
the other needed parameters are taken from Table 1.
Figure 9 (right) shows αµ as a function of Qx,y when
µ = 16370 and the integer part of the tune is
⌊
Qx,y
⌋
=269.
Note that µ = 16370 is the most unstable mode for all these
values of Qx,y . The plot indicates that the maximum growth
rate of 2830 is achieved when Qx,y = 269.812.
The value αµ¯ = 2320 calculated for the nominal tune cor-
responds to a TCBI rise-time of 0.435 ms or 1.33 revolution
turns. If Qx,y = 269.812, then the rise-time is 1.08 turns.
These values for the TCBI rise-time are lower than the
SR transverse damping-time by several orders of magnitude.
Therefore SR cannot help suppressing this instability.
Transverse bunch-by-bunch feedback systems are usually
used in other lepton factories to counteract TCBI. However
these systems cannot act on the short time of one revolution
turn. Therefore new challenging feedbacks are required and
some schemes have already been proposed [4].
CONCLUSION
The present contribution showed that the first-designed pa-
rameters for the FCC-ee booster cannot provide stable beams
to the main ring. This is due to the resistive-wall impedance
which leads to microwave instability for nominal-intensity
beams even if a copper layer is added to the stainless-steel
beam pipe for impedance reduction. Therefore, a second
mitigation technique was also taken into account, i.e. the
increase of the power lost by the beam for synchrotron radia-
tion. This second mitigation is in agreement with the current
booster baseline plans, which foresee the installation of sev-
eral wigglers in the machine. Using a proper combination
of parameters, microwave and transverse-mode-coupling in-
stabilities were not observed for nominal-intensity beams.
However analytical estimations indicated that the transverse-
coupled-bunch-instability rise-time is only about one revo-
lution turn making necessary the design of new challenging
feedback systems.
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